We present a broadband two-dimensional transient absorption setup for the UV around 300 nm with a time resolution of 150 fs. A narrowband, frequency tunable pump pulse and a broadband probe pulse are generated from the output of a noncollinear optical parametric amplifier operated at 20 kHz repetition rate and combined in a spectrally resolved transient absorption experiment. The high repetition rate and low noise of the setup allow us to acquire high quality two-dimensional data as a function of time delay with an unsurpassed frequency window of 10,000 and 8000 cm −1 along the probe and pump axis, respectively. The performance of the setup is demonstrated on 2,5-Diphenyloxazol dissolved in cyclohexane.
Two-dimensional (2D) electronic spectroscopy [1] was recently established as a powerful tool to study environmental effects or intermolecular couplings between chromophores in complex systems. Its extention to the ultraviolet (UV) allows access to the aromatic amino acids in proteins and DNA bases, which all absorb below 300 nm. Tryptophan in particular is ideal to map local protein dynamics [2, 3] .
A few Fourier transform 2D (FT-2D) UV setups were reported so far [4] [5] [6] , with spectral bandwidths below 1500 cm −1 (i.e., <10 nm in the mid-UV), which is inadequate for biological samples, where spectral features are often broad (≈50 nm). For coherent 2D spectroscopies this is hard to achieve because of stringent requirements on phase stability and temporal, as well as spatial, chirp control. Here we present a simpler and robust approach based on 2D transient absorption (TA-2D) spectroscopy in the UV. Similar to equivalent schemes in the IR [7, 8] , a broadband probe pulse, which is spectrally resolved, is combined with a frequency tunable, narrowband pump pulse in a transient absorption experiment. The setup is described here, and part of it is shown in Fig. 1 .
A noncollinear optical parametric amplifier (NOPA) pumped by a 20 kHz cryogenic Ti:sapphire amplifier (Wyvern, KM Labs) is the primary light source of the experiment. One third of the generated visible light is sent via a motorized delay line to an achromatic frequency doubling stage to generate the broadband UV probe pulses [9] . Briefly, two fused silica prisms are used to spatially disperse and recollimate the visible beam. The resulting spatially chirped beam is focused with a 90°off-axis parabolic mirror on a 0.2 mm thick BBO crystal such that the angular chirp matches the (external) phase matching angle for second harmonic generation of all wavelengths. The frequency-doubled beam is recollimated with another 90°off-axis parabola and recombined with two additional CaF 2 prisms. We routinely obtain UV pulses with a bandwidth >80 nm, currently limited by the bandwidth of the NOPA. The doubling stage also acts as a prism compressor, and thus linear chirp can be compensated. However, since no additional compression is implemented, the resulting pulses possess significant higher order chirp, mainly from material dispersion in the prisms, and thus a duration of ≈300 fs (FWHM).
The remaining two thirds of the NOPA output is used to generate the frequency tunable pump light. The beam enters a telescope (two spherical mirrors at a small angle) whose intermediate focus is a suitable location to insert a chopper with a 100 slot plate, which is operated at 10 kHz and phase-locked to the laser system. After the telescope, the beam is focused with a low NA to a long tail with a relatively large waist diameter of ≈300 μm onto a 2 mm thick BBO crystal mounted on a motorized rotation stage. For a given incident angle on the crystal, phase matching determines the frequency-doubled spectrum, which can be shifted by rotating the BBO crystal. We obtain ≈75 nJ pulses of ≈1.5 nm (corresponding to ≈170 cm −1 ) FWHM. The scan range is limited by the spectral width of the visible light. To avoid beam walkoff during frequency scanning, the UV beam is backreflected, slightly displaced vertically, through the BBO after filtering out the visible light with two dichroic mirrors. A D-shaped mirror picks up the UV beam and directs it onto an additional spherical mirror, which focuses it onto the sample. The combination of the telescope and focusing was carefully designed to obtain conditions suitable for clean narrowband frequency doubling and a relatively large spot size on the sample. Excessive intensities and/or divergence on the BBO crystal causes broadening of the frequency-doubled light or the appearance of shoulders in its spectrum at frequencies off the desired one, especially when tuned to a wavelength where the visible intensity is low. The typical spot size on the sample is 110 μm × 140 μm, slightly elliptical due to astigmatism introduced by the off-axis spherical mirrors. The probe beam is focused onto the sample to a spot size of 40 μm × 40 μm by a 10 cm 90°off-axis parabola. The large size of the pump compared to the probe reduces the sensitivity to eventual small beam steering during scanning of the pump or to noise from beam pointing instabilities.
After the sample, the probe beam is spatially filtered, dispersed by a fiber-coupled 0.3 m spectrograph, and detected on a shot-to-shot basis with a complementary metal-oxide-semiconductor (CMOS) linear image array. The spectrograph is equipped with two vertically displaced fiber ports and detectors, which are read out synchronously. This allows measuring of a reference spectrum of the probe beam for each laser shot. However, given the probe stability and intensity and the sensitivity of the detector, we operate in a regime where it is more advantageous to use all the probe light for one detector and the reference option is left out (more details are given in [10] ). The power of the pump beam, chopped at half the laser repetition rate, is measured synchronously with the probe beam on a shot-to-shot basis by a calibrated photodiode.
The time resolution of the setup was estimated to 150 fs by measuring a cross-phase modulation signal on a 200 μm fused silica window. For dispersed detection the probe pulse chirp has no strong effect on the effective time resolution [11] and can be corrected in the data analysis. The limiting factor is the duration of the pump pulses, which are not fully compressed. Addition of a prism compressor should allow compression of the pump pulses close to the transform limit (≈80 fs for 170 cm −1 bandwidth). Changes in time zero due to different angles of the BBO crystal and group velocity dispersion at different pump wavelengths are calibrated and accounted for.
In a full 2D scan for each pump frequency, a series of transient spectra are recorded by scanning the delay line by typically averaging 5000 laser shots. The data are normalized to the pump power measured by the photodiode to correct for noise and its variation during scanning. The high repetition rate (20 kHz) of our setup, the low noise probe light source, and proper detection allow rapid acquisition of 2D transient absorption data as a function of time delay.
To demonstrate the capabilities of our setup, we investigated the photoinduced dynamics of the UV dye 2,5-Diphenyloxazol dissolved in cyclohexane, which was already well characterized by us using UV fluorescence upconversion [12, 13] . The concentration was adjusted to an optical density (OD) of 0.35 at 310 nm, and the sample was circulated in a 0.1 mm flow cell. For the data shown here we measured 50 points along the excitation axis and 270 points along the time axis. A single scan took ≈1.4 h, giving a duty cycle of 65%. Different cuts of the threedimensional (3D) data set are shown in Fig. 2 . A detailed analysis will be presented elsewhere. Here we restrict ourselves to a characterization of the setup.
Along the diagonal of the 2D spectrum a strong, longlived ground state bleach signal is observed, which is fairly symmetric and resembles the static absorption spectrum. No spectral narrowing perpendicular to the diagonal is observed for the shortest time delays of our setup (>200 fs due to cross-phase modulation from solvent and flow cell). This points to an electronic dephasing of <100 fs, as already reported for other UV chromophores [14] . Consequently the inhomogenously broadened line profile is observed along the diagonal as well as perpendicular to it. Above 330 nm along the probe axis a structured stimulated emission band appears. Cooling dynamics, i.e., spectral narrowing and a dynamic Stokes shift of the 0-0 line (at 333 nm), are observed during the first few picoseconds. Interestingly, the line appears slightly tilted at early times. Plots of the signal as a function of time reveal clear coherent oscillations [ Fig. 2(c) ], which point to the presence of at least two vibrational modes at 122 and 53 cm −1 . The latter was already observed by fluorescence upconversion [13] .
The signal-to-noise ratio in these measurements is ≈100 for a single scan. For a dye with a very large signal it is dominated by the noise of the pump beam, or rather by inaccurate monitoring of the pump power fluctuations by the photodiode. The noise due to the probe beam and its detection is evaluated by calculating the standard deviation of 50 data points at negative delay times. The result is shown as a function of excitation and probe wavelength in Fig. 3 . The data are evaluated after normalization to the pump power, i.e., noise at excitation wavelengths with low intensity is scaled up. We can span a wavelength range of 100 and 70 nm (10000 cm −1 , 8000 cm −1 ) along the probe and pump axis, respectively, with a noise level lower than 0.5 mOD. The noise can be further reduced by averaging several scans with still-feasible acquisition times. These noise levels are sufficient to acquire high quality full 3D data also for, e.g., biological samples where UV signals are typically ≈1 mOD [15] .
In summary, we presented a novel (to our knowledge) UV 2D transient absorption setup with a large spectral bandwidth (typically 80-100 nm) in a range that can be tuned between ≈250 nm and ≈380 nm. The width at a given central frequency is only limited by the visible spectrum from the NOPA. The major limitation compared to FT-based shemes is of course the compromise between time and (excitation) spectral resolution, making it less suitable for investigations of very fast (<100 fs) processes or high frequency coherences. However, processes like couplings of distant sites in proteins occur on slower time scales (>1 ps). Acquisition of quasicontinuous full 3D data and the possibility of performing additional, denser and/or longer averaged time scans at selected excitation frequencies can allow separation of overlapping contributions of different chromophores via precise determination of the temporal evolution. Fig. 3 . (Color online) Noise level as a function of probe (red) and excitation (black) wavelengths (solid curves). The pump power as a function of excitation wavelength and the probe spectrum are also shown (dotted curves). The drop in pump power above 330 nm is due to transmission of the dichroic mirrors used to filter out the visible light.
